Abstract: The power generation from hydroelectric plants has increased worldwide, contributing to 8 the participation of the renewable sources to the energy matrix. In the semiarid Brazilian Northeast 9 (NEB), thousands of small dams have been built over time as a solution for water supply. Although 10 incompatible with hydropower generation due to the conflict with human water supply in the 11 region, small reservoirs accumulate water and hydraulic energy at high altitudes. In this work,
Introduction

23
The population growth associated to the accelerated technological development has increased 24 the demand for electricity. On the other hand, the use of non-renewable polluting power sources has 25 caused environmental crisis, experienced in all the continents. In this way, the search for efficient 26 systems and clean production has been a common task [1, 2] .
27
According to Fitzgerald et al. [3] , the power generation through renewable sources has grown,
28
and hydroelectric plants fit within the perspective of clean power production and are globally 29 accepted [4] . Okot [5] reported that Small Hydroelectric Power Plants (SHP's) are common in rural 
84
-FUNCEME, mapped the reservoirs with areas larger than 5 ha and identified 1,405 of such structures 85 in the basin [19] . The worldwide survey of water bodies conducted by Pekel et al. [20] for 32 years 86 using 3 million LandSat satellite images, identified about 3,000 reservoirs at the BRB. The reservoir 87 network follows a cascade pattern already detected in previous studies in the Brazilian semiarid 88 region (for instance, GÜNTNER et al. [21] ; MALVEIRA et al. [13] ), with small reservoirs usually 89 situated upstream of larger ones. In this pattern, the inflow to each reservoir is constituted by the 90 sum of its direct contribution area with the spillages from the upstream reservoirs.
91
Despite the importance of the non-strategic surface reservoirs for water availability in the region,
92
information on their storage capacities and the way they are constructed are scarce [22] , and there is 93 a lack of long and consistent series of hydrological monitoring at the small scale. Thus, the storage 94 capacity and shape of the non-strategic reservoirs was estimated using the method proposed by based on two shape coefficients (Equations 1 and 2), which were correlated to the maximum 97 inundation areas of the reservoirs (Table 1) .
where, A0 and V0 are parameters, meaning initial reference area (5,000 m²) and volume (2,096 m³) stored at this level, respectively; Kmod is the aperture coefficient; αmod is the shape coefficient; h' is the water stage above the initial reference area (m). Applying the abovementioned method, the storage capacities of the reservoirs in the BRB were 105 estimated from the maximum flooded areas indicated by FUNCEME [19] , and the reservoirs were 
109
The basin supply, water availability, was estimated from the equation of the water balance (Eq.
110
3). The methodology was applied, for example, by Fowe et al. [23] , de Araújo et al. [18] and allows
111
the understanding of the dynamics of the reservoir water supply.
where: V is volume (m³); t is time (month) and the other variable are flows (m³/year): QA is inflow 113 from the river network; QH is water input by rainfall directly on the reservoir surface; QE is water loss 114 due to evaporation; QS is reservoir outflow over the spillway; QG is the regulated water withdrawal 115 associated with a 90% reliability level. Water fluxes between the reservoir and the bedrock was 116 considered negligible, according to the recommendation of de Araújo et al. [18] .
117
The initial volume accumulated in the reservoirs was considered as one fifth of the storage 118 capacity, based on the frequency of accumulated volumes [18] . Evaporation was estimated as 30- 
122
Curve Number -CN empirical method [24] , using as input data the daily rainfall from the nearest 
129
To assess the water availability in different reservoir arrangements in the BRB, six scenarios were 
133
To compute the flows to be pumped from the reservoir to supply water for the population in the 
150
The hydraulic calculations for estimation of the power demand for water supply in the BRB were 151 based on the water demand for human supply of each district, to be met by the reservoirs, with the 152 simplifying hypothesis that all the water demands were concentrated in the centre of the localities.
153
For the sake of simplification, the pipelines needed transfer water to all the demand centres were 154 considered as the Euclidian distances between the reservoirs and the districts to be supplied.
155
The power of the pumping system (P, in W) was calculated according to Equation 4:
where: γ the water specific weight (10,000 N/m³); Q is the water demand of the district (m³/s); Hman is 
where: L and D are the pipe length (m) and diameter (m), respectively; C is the Hazen-Williams 165 coefficient (adopted as 130 for cast iron).
166
The diameters of the pipes were calculated based on the Bresse equation (Equation 6), which 167 estimates the internal diameter based on cost criteria, considering the costs of pipe acquisition as well
168
as the pumping system and energy.
where: Deco is the economic diameter (m); K is a coefficient that depends, among other factors, on the 170 costs of the material, system operation, and maintenance. In this study, a value of K = 1.3 was used 171 as indicated by Perroni et al. [26] for flows lower than 0.01 m³/s. 
185
The headwaters in the Banabuiú basin do not present a large concentration of reservoirs,
186
however, the few existing ones above the altitude 600 m are mostly from class 1, in accordance with 187 the cascade method [21] adopted in the present study, which admits the simplifying hypothesis that 188 small reservoirs are situated upstream of the larger ones and in higher altitudes.
189
Like the strategic ones, reservoirs of class 4 can store significant water volumes, with a total 190 accumulated capacity of 445 hm³ in the BRB. Of these reservoirs, 31% are below the altitude 150 m, 
211
Despite the large number of reservoirs able to distribute water in the basin, the classes 1 and 2 212 present low water availability (10% of the total), relatively to the other reservoir classes. Scenario 3
213
(with reservoirs from classes 3 to 5) has 5 times more reservoirs than Scenario 4 (reservoirs from 214 classes 4 to 5), but water availability is only 12% higher than in former scenario ( 
234
(districts), increasing also the power required to supply water to the districts that would be served
235
by class 1 reservoirs in the real arrangement.
236
In Scenario 4, the reservoirs present water availability higher than in Scenarios 1 and 2, however,
237
they limit the water spatial distribution in the BRB, since they are in significant lower quantity than 238 the reservoirs of the previous scenarios. This feature is even more pronounced in Scenario 5, in which 239 only the reservoirs from class 5 are considered and the power demand is 7 times that of Scenario 1.
240
Despite their high water availability, the eleven strategic reservoirs of class 5 are restricted to few 241 spots in the BRB, presenting great distances to some of the water demand centres located at the 242 headwaters. 
250
In Scenarios 1, 2 and 3 there are no major changes in the power required to distribute water in the BRB, since there is a good distribution of the reservoirs of classes 1, 2 and 3 in the basin, allowing that the water demand centres can be well served within short distances. Figure 7 ilustrates the accumulated power demand for water distribution in the BRB versus the altitudes of the districts, indicating that the enhancement of power demand in the scenarios without the smaller reservoirs is more intense in the uppermost altitudes. For Scenarios 4 and 5, for instance, the power demand at lowest altitudes is similar, and of the order of 72MWh/year. However, at higher altitudes the power demand of Scenario 5 increases more rapidly, so that at the highest district, the accumulated power demand of Scenario 5 is approximately 4 times that of Scenario 4. 
Discussion
Reservoir density in the Banabuiú River Basin is 0.07 reservoirs (with surface areas larger than 5 ha) per km², amongst the highest in the globe. For example, Ghansah et al. [28] mapped the reservoirs in the White Volta Basin (49,600 km²), Ghana, using satellite images and identified 254 reservoirs with areas ranging from 1 ha to 54 ha, resulting in a density of 0.005 reservoirs per km², that is, the ratio of the reservoir density between the Banabuiú and the White Volta basins is 14. The volumetric density in the BRB, expressed as the ratio of the total storage capacity by the basin area, is 0.14 hm³/km, in the same order of magnitude of that found by Malveira et al. [13] for the Upper Jaguaribe Basin (0.22 hm³/km²), also located in the semiarid region of Brazil.
Despite the large number of dams, roughly 80% present storage capacities lower than 5 x 10 5 m³. A high concentration of small reservoirs has also been observed in other basins in the semiarid region of Brazil, for instance, Peter et al. [29] observed that there is an enormous difference in the quantity of such structures among the classes in the Upper Jaguaribe Basin, where the smaller reservoirs represent 97% of the total.
Other authors (for example, KROL et al. [12] ) report that the high density of small reservoirs has several positive impacts besides storing water upstream of the strategic ones, among others contributing massively to the sediment retention, avoiding the siltation of the downstream water bodies [30] . Fowe et al. [23] report that small reservoirs guarantee the supply of the most remote regions, promote diversification of agricultural activities and contribute to family and sustainable agriculture.
On the other hand, the strategic reservoirs (in the number of 12 in the BRB, representing less than 1% of all reservoirs) can accumulate as much as 16 times the total storage capacities of classes 1 and 2. Nonetheless, the water stored on those large structures is located at lower altitudes and is further away from most water demand centres of the more remote areas, promoting high power demand for water distribution in the basin.
In the BRB, the current reservoir arrangement produces a power demand of 6.5 GWh/year for human water supply of all districts in the basin, whereas in the scenario in which only the eleven strategic reservoirs are considered as water sources, the power demand is roughly 7 times that of the real reservoir arrangement. If the Arrojado Lisboa reservoir is considered alone, the system would demand 30 times the power required in the real reservoir arrangement to supply water to the entire basin.
In this study, there is no intention to estimate the hydraulic power generation from Small Hydropower Plants (SHPs), but to illustrate the importance of small reservoirs for the accumulation of hydraulic energy in the BRB. Nonetheless, in regions less impacted by water scarcity, small reservoirs may play an important role on generating power, as well. For example, in southern Brazil, Hunt et al. [31] report that SHPs have the potential to decentralize and generate power during 41 dry seasons, and therefore, these works are responsible for the increase of energy offer in the region.
The power demand in the BRB for water distribution is of the order of power generation from SHPs. Balkhair and Palman [32] observed that the potential of the main 20 sites of the Upper Swat Canal reservoir, located in the semi-arid region of Pakistan, is to generate 18 GWh annually.
Compared to other water supply systems, the power demand at the BRB is expressive. Guanais et al. [33] analysed a water supply system in Feira de Santana, Brazil, and found that the power demand of the system with capacity to distribute 21 hm³/year is 75.2 GWh/year, of which 86% corresponds to water distribution. The power required in Scenario 6 of the BRB is 2.5 times the energy required by that system. In Scenarios 1, 2 and 3 there are no major changes in the power required to supply water in the BRB, since there is a good distribution of the reservoirs of classes 1, 2 and 3 in the basin, allowing that the water demand centres can be well served within short distances.
Liu et al. [34] argue that water spatialization is a trend that contributes to water resource management, power generation, and decision-making by government or community. In agreement, de Araújo e Medeiros [15] argument that the presence of small and medium-sized dams in the headwaters contributes to the spatial distribution of water, reducing pumping costs.
Conclusions
The simulations of water distribution from surface reservoirs to supply the districts of the semiarid Banabuiú River Basin -BRB (19,800 km²) indicate that, additionally to promote a spatial distribution of the water, the thousands of small non-strategic surface reservoirs substantially increase the energy efficiency of the water supply system. The small reservoirs store water at higher altitudes and closer to the most remote districts, generating low costs to pump water to such demand centres.
In the scenario with the real reservoir arrangement, the total power demand of the system is 6.5 GWh/year, which is increased by 43% (to a total of 9.3 GWh/year) if the reservoirs with storage capacity lower than 2 x 10 5 m³ are not considered as part of the system. Furthermore, if only the eleven strategic reservoirs monitored by the Company of Water Resources Management of Ceará -COGERH are considered as water sources, the power demand to supply water to the entire basin is 7 times that of the real reservoir arrangement.
Although representing roughly 60% of the water availability of the BRB and being able to supply all the districts, the Arrojado Lisboa reservoir alone would demand 30 times the power required in the real reservoir arrangement to supply water to the entire basin.
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